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CONCLUSIONS — 


Lo Breakdowns of the 100 mil Teflon used in this study occur between 50 and 
100 volts per mil on over voltage aZIiNG o 


20 Surface voids on Teflon cause a smaller time lag to breakdown than volume 
voids. This is presumably due to the field concentration in the region where Le 
yoid passes under the electrode edge o : 


3. The first failures of polyethylene on over voltage aging occur with voids 
centered-in the dielectric and occur at the end of the void between the electredese 
The void is a 25 mil diameter hole drilled parallel to the electrodes. 


| kh. The corona starting voltage of a 25 mil diameter virgin void in | 

polyethylene may be as high as 12 kilovelts (120 volts per mil), After corona 
‘has occurred in this void the corona starting voltage may drop to as low as 
6 kilevolts. . | 


5. The corona within a void in polyethylene decreases with time at any 
voltage as the voltage is being increased and increases with time at any Se 
the voltage is being decreased. This behavior is most likely linked toa 
thermal equilibrium at the void surface, or to a time delay in the decay or ‘build 
-up of residual plasma in the void. 


ee ee ee a ee ee 


JENERAL ELECTRIC COMPANY 
DF53GL44=3 


I. EFFECT OF VOID POSITION ON VOLUME IONIZATION 


Ao Sample Preparation 


' Samples of 100 mil thick slabs of polyethylene and teflon were prepared 
with drilled volume voids and scooped out surface voids as shown on 165HA877, 
page 3. Original plans called for three void types as, follows: 


Type 1 = A 25 mil diameter drilled hole centered between the 
dielectric surfaces with its axis parallel to the 
plane of the electrodes. 3 


Same as Type 1 except that the drill hole axis is not 
centered between the dielectric surfaces. 


A 25 mil diameter hole with the surface of the hole coplanar | 
with the surface. Since the drill wandered despite precautions 
taken to keep it straight, all Type 1 and 2 samples were made 
starting with the drill centered. The resulting samples were 
divided into two lots depending upon the degree of centering 
achieved. After failure on life test, samples will be measured 
accurately to determine the exact placement of the drill hole. 
For the same reason a milled slot was chosen to replace the 

Type 3 void and is Type 3-A. This called the long surface 
groove. Because voltage stress in the long surface groove 
will go through a maximum under the electrode edge and because 
this maximum will not occur within voids burried in the dielectric, 
a fourth void type was adopted, 


A short surface groove which does not extend to the edge of 
the electrode. 


The test program as listed under C-l-e 1, 2, and 3 on page L5 of the 
first interim report calls for ionization and 60 cycle power factor vs voltage to 
breakdown in air and in oil and overvoltage aging at 25°C, 50% RH and at one, two 
and four times We lonization starting gery ee. 


Bo Power Factor vs Voltage Tests 
lo Tests Under Oil 


It is immediately apparent that the void type samples cannot be 
completely guarded for power factor tests without running the risk that the samples 
will breakdown under the guard at a low voltage. An attempt at partial guarding 
was made, but due to a large proportion of edge breakdowns , it was discarded. 
The power factor vs voltage tests were then made in a stainless steel beaker 
under 10-C oil with the beaker at guard potential. The electrodes used were the 
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one inch diameter, one-half inch high stainless peen electrodes with one-sixteenth 
radius on the edge of the electrode face which are being used in the overvoltage 
aging. The results of these power factor vs. voltage: tests are given in Table I. 
Since the samples are not completely guarded and since the tests are made under 
oil, the measured power factors are Cemeee yee of ake poner factor of oil, sample 
and oil-sample interaction effects. 


| The abpencs of siplifivant 4 differences due to the presence of the 
centered void between the two samples of teflon agrees well with ionization 
intensity vs voltage determinations on teflon samples with and without _ 
manufactured voids. Apparently, the measured power factor increase is due to 
voids in the samples as received from the vendor. The fact that breakdowns under 
oil occur away from the manufactured void bears this out. 


A comparison of the . *Teflon-ne void" with the "Pol yethylene- 
central void curves on curve sheet ‘165HA879, page 6, shows that the addition of 
ample behave in all particulars 


like Teflon. 


During the power factor vs voltage run on the polyethylene sample 
with the centered void, the voltage was dropped from 15 kilovolts incrementally to 
5, 3, and 1 kilovolt and the power factor measured. The results of this test 


indicate that the increased power factor is caused by the heat build up in the 


polyethylene which dissipates very slowly or a time delay in the dissipation of 
the plasma in the void. Calculations of the temperature and plasma decay rates 
show that the plasma oscillation hypothesis is the more reasonable of the two. | 


Very stable values of power factor were found at all voltages. 


: The values of power factor increase due to the presence of the void 
in polyethylene were smaller than expected, In order to check these values , a 
comparison was made between, the ionization current (Ijon) calculated using the 
equation at the top of page 4 of the first interim report and the ionization 
current estimated from. observed. corona intensities and oscilloscepe patterns. : 
The observed and calculated’ values agree fairly well. A plot of the calculated 
values against voltage stress in’ the polyethylene is given on curve sheet 
165HA880, page 7. This plot when studied in conjunction with a hand made 
plot of the dielectric stress” in the void leads to the | following conclusions — 


(1) The initial low level ionization starting at 30 volts per 
mil and increasing almost linearly to 83 volts per mil is 
ionization along the void surface (Region A = Figure 1 on 
page ot : 
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TABLE I 


Effect of Centered Voids on 
Power Factor vs Voltage as Measured Under Oil 


Percent Power Factor 


Kilovolts 
RMS Teflon | oe 
60 cps _ No Voids’ ‘Gentered Void No Voids Centered Void 
1 0,10 (0.121. - ‘0019 0.01 
2 0,103 Oo111 O17 0.01 
3 0.108 O.1L17 0.18 0,01 
hy 0.098 0.141 . Oo17 0.03 
D 0.154 0.134 O19 0,05 
6 0.15 0.145 0.18 0,05 
7 O14 0.28 0,18 © 0,06 
8 0.34 as 0,30 0.22 : 0,07 
9 0532 0032 0.24 0.34 KV 60 cps L 
10 0.36 0.32 0.25 0.39 __RMS Poko 
Li 0.40 0035 0.28 0.40 
12 O48 0.40 Oo27 Ook2 5 OAK 
13 0.49 0040 0.33 0.42 3 0.43 
Lh 0.65 0,40 — 0635 O48 1 0,35 
L5 0.73 OokL — 0040 0.50 L O.22 
16 0.8h Lol 0.53 0.83 (5 minutes 
Ly 1.12 (2) 0.58 0.85 later) 
18 Loill 0.61 0.85 1 O14 
19 (1) 0.63 0.86 (6 minutes 
20 0.69 0.85 later) 
21 0.73 0,87 
od 0.75 0.92 
23 0.75 0094 
2h (3) 0.95 
25 1.00 
26 LOL 
a | 1,01 
28 (3) 
(1) Breakdown near electrode edge 183 Vpmo 
(2) Breakdown just inside electrode edge and about 1/4 inch away 
from the void =- 205 Vpm. 
Lead sparks over to beaker in air. 
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(2) The ionization above 83 volts per mil is direct sparking 
across the void = (Region B, Figure 1). 


7 The much higher energy content of Region B ionization makes it 
safe to assume that this ionization will determine the degradation rate of 
insulation properties during the overvoltage aging. As is usual ionization 
starting voltage tests will give a lower threshold stress for this intense 
corona than the power factor tests indicate. 


c 


The power factor tests under oil have helped to define the characteristics 
ef ionization within the void in the dielectric. The knowledge thus gained will 
aid in understanding of the results of the overvoltage aging program. It is 
also important to know the characteristics of surface ionization. 


The results of the power factor vs voltage tests in air are shown on 
165HAS81, page 9. The three curves are defined by the maximum, minimum and 
average values of power factor as measured on samples with no void, centered 
void, off center void, and the long surface groove. No significant differences 
were noted between samples with the different void types. The stepped trend of 
the curve was noted on all samples. 


The surface corona energy as a function of voltage was obtained from 
this curve and is pictured on 165HAS82, page 10. It will be noted that the surface 
corena energy is much larger than that due to the void at the same voltage level. 


The stepped nature of these curves probably reflects the characteristics of 
ionization between a rounded edge and a dielectric surface. For polyethylene below 
110 volts per mil, the ionization is confined to the region under the edgeo 
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‘ gbove this stress value, the ionization extends outward along the dielectric 
suriace oO ' ie 


Do 


nel Le Method of Test 


The corona intensity vs voltage is measured by placing the sample 
for test between two electrodes either in air or under oil and raising the voltage 
in a gradual manner until corona is observed. The voltage is then increased to 
breakdown noting the corena intensity at intervals. 


2, Tests Under O11 ae 


; The immediate requirement of the under oil test was that it 
define the corona starting voltages of the voids in the polyethylene and teflon | 
samples so that the overvoltage aging program could be initiated. Tests on the / 

| 


teflon samples indicated that they were not suitable for this determination, _ 
since the test results on samples with and without introduced voids were identical. 
Tests on polyethylene revealed that the ionization starting voltage was extremely 
sensitive to the past electrical history of the sample. The ionization starting 
voltage of new samples was between 10 and 12 kilovelts (100 and 120 volts per 
mil), but after the stress on the sample had once exceeded 150 volts per mil the 

_ corona starting voltage would be found to be as low as 6 kilovelts. Six kiloevolts 

_ was, therefore, chosen as the corona starting voltage for the aging programe 


In order to study the wnexpected behavior of ionization in the 

void “in polyethylene more closely, a test was made in which the voltage was cycled 
between limits above the corona starting voltage while the variation of corona | 
intensity was studied. The results of this test is shown on 165HA883, page 12. © | 
As shown on this curve sheet, the initial corona starting voltage of the void was | 
11.6 kilovolts, Whenever the voltage was dropped from a higher level to a lower | 
| one, the corona intensity dropped with it and increased in intensity with increasing | 
} time at the lower voltage level. Conversely when the voltage was increased from 

| 

| 


| some low level to a higher one below 11.6 kilevolts, the corona intensity went 
, through a sharp maximum and decreased rapidly to its normal level at the higher 
as — voltage. It is suggested that these phenomena are directly linked to a time delay 
| in the decay of the ionized impinging plasma in the void. The lingering high We 
power factor recorded in Table I for this type sample bears this out. ih 


3. ‘Tests in Air | | : | 


The results of corona tests in air are given in Tables II and III. | 


The results of the tests are very similar to those reported on 165HA361 at the 
end of the second interim report except for the effect of the voids on the corona 
starting voltage. Apparently, above five kilovolts surface corena overrides 


void corona so that void corona is not observed. — 
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, Corona Starting Voltages 
and Flashover Voltages of Void Type Samples in Air 


Corona Flashover 
starting stress 


Material Void Type Volts per mil 
Polyethylene None 60. 
Centered Void ~ 60. 
Eecentric Void th SAD eS 
Long Adjacent Void 38 6 ) 
Teflon None. 55 103=113* 
Short Surface Groove 35 (a) oo aK 
Eecentric Void 50 aD. 


x-Samples not carried to breakdown--in order to conserve 
samples for aging. 


*-Breakdown through Sample o 


a-This result is very likely due to variation of Teflon 
rather than to the void. 


Overvoltage Life Tests 


Bo 
Since these tests are not completed a full report on them will be 


deferred. The tests have, however, reached a point where the following tentative 
conclusions may be drawn. 


le Due to the lower corona starting voltages of samples with long 
surface voids, Teflon breaks down sooner after the application of voltage with 
these surface voids than with volume voids or short surface voids» 


2. First breakdowns with polyethylene.occur at the end of the 
centered voids. This agrees with Mason's work where his breakdowns occurred 
in a region of minimum voltage stress in his voids, 


Thus, the two materials have given different answers. In the final report 
on this phase of the contract these differences will be diagnosed. One fact, 
which will probably weigh heavily in determining the reason for this difference 
is that breakdowns of Teflon occur below the voltage stress required to initiate 
lonization in region B of the cross section of a void shown in Figure 1. First 
breakdowns in polyethylene occur far above this voltage Stress. 
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The power factors of the polyethylene samples measured in the same setup 
as is used for over voltage aging have increased considerably during aging. The 
average power factor at 12,000 volts before aging was 2.2%. After the first 
aging cycle, the average power factor has increased to 9.0%. This increase 
corresponds to 255.5 hours of aging at 12.0 kilovelts RMS. The surface resistance 
of the polyethylene measured at a radial distance 1/4 of an inch away from the 
electrodes has decreased from a value of greater than 1016 ohms per square un- 
aged to a value of about 1012 ohms per square after this aging period. Samples 
with internal voids tend to give low surface resistivity, measurements. Samples 
with no voids or long surface grooves tend to be high, Part of the reason for 
the differences noted can be attributed to the effect of the long surface groove 
on the surface deposit. This effect is shown pictorially on 165HA869, page 15. 
Apparently, the groove causes a distortion of the electric field in its region and 
changes the nature of the corona here. More will be said about this effect when 
sufficient data is available to judge its significance. 7 


The volume resistivity of the polyethylene samples remains too high to 
be measured to date. Resistivities greater than 1015 cannot be measured on these 
samples in these thicknesses. 


The corona intensity vs voltage amd the corona starting voltage have not 
changed significantly from wnaged values. Variations were noted from sample — 
to sample, but no significant difference was noted between different void types. 
The results of these tests are shown graphically on 165HA876, page 16. 


II. VOLUME IONIZATION 


! During the last quarter, tests have been made to clear up points important 
to the analysis of ionization data presented in the second interim report. 


Point 1 An error was made in the derivation of the equations on page 5 
of the Second Interim Report. A replacement for this page is included at the 
end of this report. 


Point 2 The values of minimum temperature rise and maximum rate of heating 
as given on the corrected page 5 are calculated using the false assumption of 
a stable power factor with increasing voltage and temperature within the range of 
temperature corresponding to the temperature range calculated. In order to. 
check this, power factor vs voltage was measured for polyethylene unplasticized poly- 
viny chloride, cellulose acetate, nylon, and hard fibre. The results on | 
165HASL9, page 17, show that the assumption is essentially true for polyethylene, 
unplasticized P.V.C. and nylon, but is not true for cellulose acetate or hard 
fibre, The values in Table IV for these materials should be changed to the follow- 
ing approximate values. 


Total temperature rise possible 


Cellulose Acetate 15°C 
Hard Fibre 80°C 


Breakdown Heating rate 


Cellulose Acetate .06°C/sec 
Hard Fibre 0.5 C/sec 
Salle 
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‘The hard fibre sample had been conditioned 2 Zoe Oe RH for several weeks 
before test. 


| Point 3 Some tests have been made using capacitor grade dibutyl sebacate 

as the immersion medium instead of 10-C oil. The results of this type of testing 
to date have been erratic and have given results not dente to those given with 
10=C¢ oil. 


Point & The low surface resist tits of some materials was used to explain 
their high values of corona starting voltage. Surface resistivities have since 
been measured on several materials. The values obtained are given in Table III. 


TABLE III 


Surface Resisitivities at 25°C-50% RH 


eae paid Sige 


Material 

Nylon 

Polyethylene 

Polystyrene : 

Paraplex P=13 | 30 x Tele 

Cellulose Acetate 750 x 10l¢ 

Hard Fibre 1.5 x 1012 

CR-39 Allymer 3,0 x 109 

Teflon-Glass 300 x 101+ 

Plasticized PVC 680 x 1014 

Butyl Rubber > 73x lor? 

Unplasticized PVC > 73 x 1015. 

Grade L-5 Steatite hod x 1015 

Pyrex 12 x 1ole 

Dobar (Cellulose Acetate) 27 x 1ole \) 
Muscovite Mica 810 x 1ole | 


The value found for cellulose geatare is too high to explain.the’ high, corona: - 
starting voltage unless the action of the applied field moves unbound water to 
the surface of the dielectric as may be expected. However , this is suggested 
enly tentatively, and though the correct interpretation is important it will not 
be developed until the principal experiments of the contact are finished. 


III, SURFACE IONIZATION il 
Several tenis have been measured between the standard electrodes for this 


project at 25°C, O% RH (over Drierite) at 60 cycles. The results of these tests 
are shown on 165HASSA, 5 and 6, pages 19, 20, and 21. 
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A complete set of conclusions will os drawn from this data when the work 
at the other humidities is completed. The data at 50% and 0% RH and 25°C 
indicates that at lower humidities higher intensities of corona are reached close 
to the corona starting voltage « than at higher humidities. 


IV. (FOR NEXT QUARTER 


A. Since the data on pelyethylens shows the centrally placed void to be 
most vulnerable to corona attack, samples of other insulations will be prepared 
with centrally placed voids and placed on overvoltage aging. 


B. The work on surface and volume ionization will be continued as outlined 
in the First Interim Report, . 


C. The work on the determination of void Leia will be carried to its 
conclusion. 


=99— 


| GROUP _CLASS 


I Breakdown occurs away 
from edge of electrode 
(3/16 to 1/2 inch) 


II Breakdown occurs at 
electrode edge 


MATERIALS 


Cellulose Acetate 
Nylon | 
_ Polyvinyl Chloride-Unplasticized 


Hard Fibre | 
Grade Ll=5 Steatite 


Scthe 


Mica-Muscovite 
Pyrex Glass 


III Breakdown occurs. under Teflon 
the electrode system | 


(2) Discussion of Breakdown Characteristics Materials in Group 


Breakdown is due to the interaction between the thermal heating or 
surface conductivity and corona. The following table lists approximate rates of 
heating of these materials at their breakdown voltages. These rates are actually 
minimum values since the rate of heating will increase with increasing temperature 

of the sample. The formulae used for this calculation are as follows: 


(1) Watts per cubic inch = s* (PF) (DK) 
11,800 J 
where S = volts per mil | 
PF = power factor — | 
DK = dielectric constant 


3 watts /in- = ,1°C/sec, approx. (specific heat of 0.4 and 
density of 1.0 assumed) 
(3) Total possible temperature rise assuming no loss of heat 


from sample = ,0O71L PF DKt? 


where t is the time to breakdown in seconds at 5 kv per 
minute from zero to breakdown and d is the sample thickness 
in mils. : i 


TABLE IV 


Breakdown Heating \ 
Rate oo 


5KV/Min. Total 


Breakdown Stress Temperature Rise 


Material Volts Per Mil _ Possible 

Cellulose Acetate 1,00 3223 0012 

Nylon 400 36.3 - : 22°C/sec 

Polyvinyl Chloride 500 he oOLh 

Hard Fibre 319 1705 085 . 
Pyrex 582 9,0°C 209 is 
Muscovite Mica : 675 hot 009 TI 


Three other materials are included in this table. Hard Fibre as can be 
seen, can easily be a breakdown wherein the reaction of thermal and corona effects 
are important. The fact that this material 
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